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Abs t rac t  

\ 
Several quar tz  isothermal f l u id i zed -bed  reac to rs  have been cons t ruc ted  

i n  o rder  t o  measure k i n e t i c s  and o i l  p r o p e r t i e s  re levan t  t o  sur face  r e t o r t -  

i n g  by f l u id i zed -bed  processes. The r a t e  o f  v o l a t i l e  t o t a l  hydrocarbon 

e v o l u t i o n  i s  measured w i t h  a f l a w  i o n i z a t i o n  de tec tor ,  a l though var ious  

techniques are c u r r e n t l y  be ing  evaluated f o r  doing spec ies-se lec t ive  (as  

opposed t o  t o t a l  hydrocarbon) k i n e t i c s .  O i l  y i e l d  experiments are performed 

separa te l y  from the  k i n e t i c  experiments due t o  t h e  exper imental  cond i t ions  

necessary t o  minimize m i s t  fo rmat ion  and maximize o i l  c o l l e c t i o n .  O i l  

composi t ion i s  determined v i a  subsequent ana lys is  (gas chromatography). 

e v o l u t i o n  k ine t i cs ,  o i l  y i e l d  and o i l  composi t ion a re  determined both as a 

f u n c t i o n  o f  o i l  shale parameters (e.g., p a r t i c l e  s ize ,  grade, Eastern vs. 

Western depos i ts )  and f lu id ized-bed parameters ( temperature,  sweep gas 

composition, gas v e l o c i t y ,  bed p a r t i c l e  s ize,  and bed geometry). An 

u l t i m a t e  goal i s  t he  development o f  d iagnos t i c  methods r e l a t i n g  o i l  

composi t ion t o  processing parameters. 

Gas 

\ 

\ 

*Work performed under t h e  auspices of t he  U. S .  Department o f  Energy by the  
Lawrence Livermore Nat iona l  Laboratory under c o n t r a c t  number W-7405-ENG-48. 
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INTRODUCTION 

There i s  cons iderab le  commercial i n t e r e s t  i n  aboveground o i l  shale 

r e t o r t i n g  us ing  f l u i d i z e d - b e d  process ing  techniques.’ 

charac ter ized  by r a p i d  hea t ing  o f  t he  o i l  shale fo l l owed  by e s s e n t i a l l y  

isothermal r e t o r t i n g  w i t h  t h e  subsequent r a p i d  removal o f  the  p y r o l y s i s  

products.  

o i l  shale has been repo r ted  which i s  app l i cab le  t o  these processing 

techniques.2 

the o i l  y i e l d  and the  p y r o l y s i s  k i n e t i c s ,  where the  p a r t i c l e  s i z e  was var ied  

between 0.4 and 3 nun. 

two-step model f o r  kerogen decomposi t ion w i t h  each step f o l l o w i n g  f i r s t -  

order k i n e t i c s .  The i n i t i a l  kerogen decomposition r a t e  constant var ied  from 

1 t o  10 min-’ over a temperature range o f  480-540°C; t h e  r a t e  constant 

f o r  t he  second step v a r i e d  f rom 0.1 t o  1 min-’ over  the same temperature 

range. 

heavy o i l  in te rmed ia te ,  which, a long w i t h  a predominant ly l i g h t e r  

hydrocarbon f r a c t i o n ,  was t h e  r e s u l t  o f  t h e  i n i t i a l  kerogen decomposition 

step. 

Wallman, e t  a1.2 t o  a v a r i e t y  o f  o i l  shales, thereby  t e s t i n g  t h e i r  general 

a p p l i c a b i l i t y ;  2 )  t o  cha rac te r i ze  the  o i l  produced i n  a f l u id i zed -bed  

reac to r  w i t h  t h e  goal o f  developing d iagnos t i c  techniques s i m i l a r  t o  those 

p rev ious l y  determined f o r  M I S  In t h i s  paper we present  both 

our  p r e l i m i n a r y  k i n e t i c  r e s u l t s  and our  p r e l i m i n a r y  o i l  cha rac te r i za t i on  

resu l t s .  Genera l l y  t he re  i s  good agreement between our r e s u l t s  and those o f  

Wallman, e t  a1 .2 f o r  t h e  i n i t i a l  kerogen decomposition step; however, we 

have no t  determined such a d e f i n i t e  p a r t i c l e  s i z e  dependence f o r  t he  second 

decomposition step. Al though p re l im ina ry ,  i n i t i a l  gas chromatograms o f  

c o l l e c t e d  o i l  show a r e l a t i v e l y  h igh  amount o f  i sopreno id  compounds; 

observed 1-alkene/n-al  kane r a t i o s  are cons is ten t  w i t h  those expected from 

ex t rapo la ted  t rends  o f  da ta  ob ta ined a t  lower hea t ing  ra tes .  

Such techniques are 

Recent ly a k i n e t i c  s tudy  by Wallman, e t  a l .  us ing  one type o f  

The i r  study i n d i c a t e d  a p a r t i c l e  s i z e  dependence f o r  both 

These r e s u l t s  were i n t e r p r e t e d  w i t h  the  a i d  o f  a 

Th is  second r a t e  cons tan t  was associated w i t h  the decomposition o f  a 

The purpose o f  our  work i s  two fo ld :  1) t o  extend the  k i n e t i c  s tud ies  of 

EXPERIMENTAL 

F igure  1 i s  a schematic o f  t h e  exper imental  appartus. The f l u i d  bed and 

condenser a re  quar tz ,  connected w i t h  s t a i n l e s s  s t e e l  unions and g raph i te  
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f e r ru les .  The d i s t r i b u t o r  i s  a m u l t i o r i f i c e  p l a t e  (seven ho le  g r i d  design).  

To da te  on ly  h r l i u m  has been used as a f l u i d i z -  

The bed i t s e l f  cons i s t s  o f  100-150 g o f  sand (Baker) ,  ground, sieved, and 

washed (-0.250 + 0.125 mm). 

i n g  medium. 

s u p e r f i c i a l  v e l o c i t y  i n  the  f l u i d  bed o f  about 13 cm/s a t  50OOC.  Th is  i s  

approximately a f a c t o r  o f  t en  above the c a l c u l a t e d  minimum f l u i d i z a t i o n  
7 ~ e l o c i t y , ~ ~ ~  and t h e  bed appears n i c e l y  f l u i d i z e d  (smooth f l u i d i z a t i o n  ) .  

The heat source i s  a Lindberg th ree  zone furnace. 

Typ ica l  f l o w  r a t e s  are 60-80 cc/s (NTP), corresponding t o  a 

T y p i c a l l y  the  

temperature i n  the  sand i s  isothermal t o  

experiments, t h e  temperature p r o f i l e  i n s i d e  the  quar t z  r e a c t o r  i s  isothermal 

t o  2 Z0C throughout t h e  reg ion  heated by t h e  furnace; ou ts ide  the  furnace, 

t h e  temperature i s  maintained between 300-350°C w i t h  hea t ing  tape. Conse- 

quent ly,  from the  s tandpo in t  o f  gas-phase o i l  c rack ing  losses, t he  mean 

residence t ime i n  t h e  h o t t e r  f l u i d  bed i s  approximately two seconds. For the  

k i n e t i c  experiments, t he  temperature r e f e r s  o n l y  t o  t h a t  o f  th2  sand; t h e  

r e s t  o f  t he  quar tz  f l u i d  bed i s  coo le r  (2.g., when the  sand was 56OoC t h e  

t2mperature p r o f i l e  i n s i d e  monoton ica l l y  decreased t o  45OoC a t  t h e  furnace 

e x i t ) .  

l 0C .  For t h e  o i l  c o l l e c t i o n  

A quar tz  c a p i l l a r y  samples the  p y r o l y s i s  products a t  a d is tance 

approximately 8 inches above t h e  sand bed and n e a r l y  on t h e  v e r t i c a l  ax i s  

through the  f l u i d  bed. A Var ian flame i o n i z a t i o n  de tec to r  w i t h  Wilkens gas 

chromatograph e lec t rometer  i s  used t o  m o n i t o r  t he  r a t e  o f  hydrocarbon 

generat ion.  P re l im ina ry  experiments demonstrated t h e  need f o r  a back 

pressure r e g u l a t o r  a t  t he  system e x i t  t o  ensure t h a t  t he  de tec to r  rehponse 

was a t t r i b u t a b l e  s o l e l y  t o  changes i n  hydrocarbon concen t ra t i on  and no t  

pressure f l ucua t ions .  The F I D  response i s  c a l i b r a t e d  w i t h  p r imary  standards 

of methane i n  helium. The maximum de tec to r  response a t  560°C t o  a t y p i c a l  

50 mg o i l  shale sample i s  comparable t o  t h a t  ob ta ined w i t h  a 1% methane/ 

hel ium mixture.  The temporal response of the de tec t i on  system was less  than 

th ree  seconds (10%-90%). Larger  samples are  used f o r  t h e  o i l  c o l l e c t i o n  

experiments (up t o  5 9 ) ;  a l though t h e  l a r g e r  sample does r e s u l t  i n  an i n i t i a l  

temperature drop, t h e  sand temperature i s  s t i l l  cons tan t  t o  2 Z0C du r ing  

t h e  course o f  t he  o i l  generat ion.  
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The FID results are digitized and manipulated using an HPlOOO computer 
system. Currently most of the kinetic data is treated with a five-point 
smoothing routine and then by linear regression analysis, although programs 
for further smoothing the raw data and expressing the data in intsgral form 
are being developed. 

The oil is collected in a condenser similar in design to that used by 
Wallman, et a1.2 Fines are excluded from the condenser by quartz wool and 
a quartz frit. 
effort has been made to collect the non-condensables. All chromatography o f  

the oil was done with a HP5880 gas chromatograph with data acquisition and 
subsequent data reduction using an HPlOOO computer system; the procedures 
have been previously described. 

The ice bath is maintained at O°C (+ 2OC); currently no 

5 

Table I summarizes the assays o f  the five oil shales used in this study; 
three of the samples are Western shales from the Piceance Basin (RE 432, 
RB 560, and Anvil Points) and two samples are Eastern shales from Lewis 
County, Kentucky (Sunbury shales CLE-002 and SUN-002). 
the Western shales are estimated from previously published correlations with 
percent organic the average of the three correlations is 
listed. 

The oil yields for 

RESULTS AND DISCUSSION 

Kinetics 

In general the FID kinetic data is currently analyzed by first taking 
the In of the normalized response and then fitting by linear regression 
analysis to the form, 

In (rate) = -klt + A, 

for short times (0 5 t 5 T )  and to the form 

In (rate) = -k2t + A2 ( 2) 

I 

I 

I ‘ I  

for long times (t > T ) ,  where T is empirically determined by inspection. 
The directly determined value for kl is reported without correction for 

k2’ 
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Figure 2 illustrated a typical kinetic result, plotting the In of the 
normalized FID response versus time for RB 432 and two different particle 
sizes. Figure 3 illustrates similar data for a leaner shale, RB 560. I n  
the latter case there is little motivation to empirically fit more than one 
line to the data. However, with both RB 432 and Anvil Points shale two line 
segments were used to fit the data over an experimental time interval corres- 
ponding to a relative reduction in the rate of hydrocarbon generation by 
nearly two orders of magnitude. I n  all cases, the square of the correlation 
coefficient for the first line segment was greater than 0.93 and usually it 
was greater than 0.97; the second line segment had a somewhat lower correla- 
tion coefficient (r2 ranging from .90 to .98) corresponding to more noise 
at the lower signal level. Further digital smoothing of the data and/or 
larger sample sizes may improve the linear correlation at low rates. 

Figure 4 illustrates typical data used for an Arrhenius plot. I n  all 
cases, irrespective of particle size, the Western shales exhibited a similar 
dependence of kl on temperature; a similar dependence of k2 on tempera- 
ture was observed with RB 432 and Anvil Points. The Eastern shales had a 
significantly different rate of kerogen decomposition (Figure 5 ) .  

Figures 6-9 are Arrhenius plots comparing our results with those of 
Wallman, et a1.' Figure 6 compares the value of kl determined for 
similarly sized particles from four different oil shales; Figure 7 does the 
same thing for the value of k2. 
difference in retorting rate between Western and Eastern Oil shale i s  

attributable to differences in kl; 2) there is approximately a factor of 
five difference in the rate between Chevron's k2 and ours (irrespective of 
oil shale source). 
kl and k2, respectively, for both Western and Eastern oil shale. 
is none. 

Two conclusions are apparent: 1) the 

Figures 8 and 9 compare the effect of particle size on 
There 

Table I 1  sumnarizes the kinetic parameters determined i n  this work and 
compares them to the values previously reported. The calculated value of 
kl for Western shale at 5OO0C using our values is very similar to that 
calculated using the results of Wallman, et a1.' (2.81 min-' vs. 2.72 min-l, 
respectively). 
difference between the two expressions for k2; the activation energies are 

It is seen that the preexponential A factor i s  the major 
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reasonably similar. In the case of the Eastern shale, the lower preexponen- 
tial A factor is consistent with the general description of Eastern shale 
being more “coal-like” than Uestern shale (i.e., a lower H/C ratio), 
although several other factors are also likely to influence the A factor. 

Agreement between our values for kl with Western shales and those o f  

Wallman, et a1 .2 is encouraging; conversely, the disagreement between the 
values for k2 suggests further experiments are necessary. 
rate data exhibits considerable fluctuations from sample to sample at rela- 
tively low rates (less than 5% of the maximum); probably we would have 
better data (and better linear correlations) with larger and therefore more 
homogeneous samples (with further digital smoothing and/or integration). At 
this stage, we do not feel that a two-step sequential mechanism is unequivo- 
cally indicated for all oil shales by the phenomenGlogica1 fitting of most 
o f  our data with two rate constants. 
this point to interpret the variation in E and A for the various rate 
constants in terms of a mechanistic model. 
including species selective monitoring by either mass spectroscopy or Raman 
techniques, is currently being evaluated. 

Oil Characterization 

In general, our 

Furthermore, we would be reluctant at 

More detailed kinetic studies, 

1 

Oil collection currently has not been optimized. We are now consist- 
ently collecting only 95 2 5% of the expected Fischer assay yield (of oil 
and water). A higher rod temperature (35OoC instead of 15OoC) leading 
to a larger thermophoretic effect aids in oil collection as does increasing 
the surface area (glass wool instead o f  glass beads). 
aliquots for a given mass, as opposed to more but smaller aliquots totaling 
the same mass, also leads to larger collection efficiencies. 
these observations are consistent with maximizing mist collection and 
minimizing mist formation.” 
the lighter ends are still not being collected efficiently. Current problems 
with the precision and reproducibility of oil collection preclude making any 
inferences as to the effect of particle size on oil yield from various 
shales. 
smaller particles which slightly exceeded Fischer assay results (e.g., up 
to 109% Fischer assay at 427OC for 0.4 m particles).2 

Larger sample 

All three of 

Gas chromatographic analysis suggests that 

Previously published results did demonstrate oil yields from 
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Two representative gas chromatograms of oil retorted in the fluidized- 
bed apparatus are shown in Figure 10. 
compounds, indicated by I- and listed i n  Table 111, is taken from reference 5. 

The identification of isoprenoid 

Three observations can be readily made from Figure 10. First, the rela- 
tively high 1-alkene/n-alkane ratio is qualitatively consistent with a high 
heating rate, and the higher pyrolysis temperature consistently gives a 
higher ratio (Figure 11). 
obtained 
present ratio indicates a heating rate (10 
with the present experiment. 
approximately seven seconds after the shale is dropped into the fluid bed; 

3 this implies a heating period of approximately 4 to 5 sec, or 10 to 
lo4 OC/min. 

Extrapolation of 1-alkene/n-alkane ratio data 
5 at much lower heating rates (lo-' to 10' OC/min) to the 

Experimentally, we observe an FID response 

3 to lo4 'C/min) consistent 

For comparison, Figure 1 1  also shows the 1-alkene/n-alkane ratio for two 
other oils generated from different oil shales, TOSS f 3 - 3  and LETC R-14. 
TOSS #3-3 was generated from a leaner sample of RB 432 under pseudo-Fischer 
assay conditions with an external sweep gas, and LETC R-14 was a simulated 
MIS retort with an even lower heating rate. 

In addition to the higher alkene/alkane ratios for oil retorted in the 
fluidized-bed, Figure 1 1  also illustrates the pronounced even-odd trend in 
the ratios. This trend has been previously o b s e r ~ e d . ~ > ~ * ~ ~ ~  The explana- 
tion is not well understood but probably relates to both the structure of 
kerogen and undoubtedly to the pyrolysis conditions; consequently, such a 
pronounced even-odd trend may have potential as a process diagnostic. 

Secondly, the ratio of the sum of certain isoprenoid alkenes plus alkanes ? 

to the sum o f  normal alkenes plus alkanes has been shown to be largely 
independent of heating rate for modest heating rates.5 That trend appears 
to hold for the higher heating rates present in the fluidized-bed. 
Obviously, ratios which are a function of heating rate are more useful as 
potential diagnostics of oil processing conditions. 

Thirdly, the predominance of prist-1-ene in the gas chromatograms is 
particularly striking. 
the C17 and C18 normal alkanes plus alkenes is 0.45, 0.66, 0.16, and 

For example, the ratio of prist-1-ene to the sum of 
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0.09 for fluidized-bed 462OC, fluidizied bed 524OC, TOSS 83-3  and LETC 
R-14, respectively. These results indicate the potential application of a 
ratio based on prist-1-ene as a diagnostic to oil processing conditions. 
Furthermore, several major species, currently unidentified, are present in 
the gas chromatogram of oil generated in the fluidized-bed which are not 
present to a significant extent in oils generated under different retorting 
conditions. Further work is needed to characterize these compounds. 

ACKNOWLEDGEMENTS 

We would like to thank M. 0. Bishop and J. R. Taylor for the 
construction of the apparatus, J. E. Clarkson and V. L. Duval for the gas 
chronographic analysis, and L. L. Ott for assistance with the kinetic data 
reduction. 

DISCL.AI>IER 

This document was prepared as an account 01 work sponsored by nn agency uf 
the United States Government. Seirhcr the Cnited States Corernment nor the 
University 01 California nor any of  their employee% makm any warranty. ex- 
prs ,  or implied, or a w m n  any legal l isbiliry or ropansibiliry for the ac- 
curacy. completeness. o r  usefulnns 01 any information. apparatus. product. or 
procns dicrlawd. or represents that i ts use would not inlringc pri*atelr owned 
rixhts. Rrlerence herein l o  any 5pecific commercial products. proceu, or wrvicc 
by trade name, trademark, manrlncturer. or atherwirp. doer not necmwri ly 
cons l i t~ te  or imply itsendorwment. recommendation. or la+ori”g by the Cniled 
Stat= Government or the University of California. The ,iew5 and opinions of 
ilulhorr expresed herein do not necerrarily st3te o r  reflect [ how 01 the 1:nited 
Stares Government thered. and shall not he wed l o r  a d v e r l i h g  or product en- 
dorsement purpous. 

180 



REFERENCES 

1. P. W .  Tam, C. A. Bertelsen, G. M. Handel, B. G. Spars, and P. H. 
Wallman, American Petroleum Institute 46th Xidyear Refining Meeting, 
Chicago, IL (May, 1981). 

Related Materials," ACS Symposium Series 163, 93 (1981). 2. P. H. Wallman, P. W. T a m ,  and B. G. Spars, "Oil Shale, Tar Sands, and \ 
3. A. K. Burnham and J. E. Clarkson, 13th Oil Shale Symposium, Golden, CO 

(April, 1980), pp 269-278. 

4. J. H. Raley, Fuel 2, 419 (1980). 
5. A. K. Burnham, J. E. Clarkson, M. F. Singleton, C. M. Wong, and R. W. 

Crawford, Geochim. Cosmochim. Acta, submitted for publication (1981). 

6. F. A. Zenz and D. F. Othmer, FLUIDIZATION AND FLUID-PARTICLE SYSTEMS, 
(Reinhold Publishing Corp., New York, NY, 1960) Chapter 7. 

7. 0. Kunii and 0. Levenspiel, FLUIDIZATION ENGINEERING, (R. E. Krieger 
Publishing Co., Huntington, NY, 1977), Chapter 3. 

8. E. W. Cook, Fuel 53, 16 (1974). 
9. R. N. Heistand and H. B. Humphries, Anal. Chem. 48, 1192 (1976). 

10. M. F. Singleton, G. J. Koskinas, A. K. Burnham. and J. H. Raley, 
manuscript in preparation (1981). 

11. S. Goren, University of California (Berkeley), private communication. 

12. A. K. Burnham and R. L. Ward, "Oil Shale, Tar Sands, and Related 
Materials," ACS Symposium Series 163, 79 (1Q5!). 

13. I .  Klesment, J. Anal. Appl. Pyrol. 2, 63 (1980). 

1 

\ 

181 



Table 1. Assay parameters of o i l  shale used in this work. 
~ 

Oil Shale % Total C X Org. C I H Gal/Ton 

R B  432 22.7 18.4 1.33 41.3a 

RB 560 14.1 8.8 1.45 19.4a 

Anvil Points 15.2 10.4 2.49 23.0a 

CLE-002 14.1 14.1 1.69 14.0 

SUN-902 13.9 13.9 1.65 14.2 

aCalculated from cor re la t ions  in refs .  8-10. 

Table 11. Comparison of k ine t ic  parameters. 

kl k 2  

E ,  kcal /mol e A ,  s - l  E ,  kcal/rnole A, s-l 
~ 

Western shale  
This work' 41.1 1.95 x lo lo  26.5' 5.7 1 0 5 ~  
Ref.  2 43.6 9.63 x lo lo  22.6 3.0 103 

Eastern shale  
This workb 32.0 8.4 lo7 26.5' 5.7 1 0 5 ~  

/ 

aIncludes data from RB 432 and Anvil Points. 

bData from CLE-002. 

CIncludes data from RB 432, Anvil Points,  and CLE-002. 
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Table 111. Identification o f  isoprenoid 
compounds labeled in Figure 10 (*tenative). 

I2 

12' 

I3 

13" 

I4 

14' 

I5 

15' 

I6 

16' 

I7 

17' 

I8 

2,6-dimethylundecane (C13) 

2,6-dimethylundecene 

2,6,10-trimethylundecane ( C,4) 

2,6,10-trimethylundec-2-ene* 

farnesane (C,5) 

f arnesene 

2,6,10-trimethyltridecane (C16) 

2,6,10-trimethyltridecene 

norpr i stane ( Cls) 

norpristenes* 

pristane (C19) 

prist-1-ene 

phytane (Cz0) 
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Figure 7 .  
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